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ABSTRACT
Using visible, radio, microwave, and sub-mm data, we study several lines of sight toward stars generally closer than 1
kpc on a component-by-component basis. We derive the component structure seen in absorption at visible wavelengths
from Ca II, Ca I, K I, CH, CH+, and CN and compare it to emission from H I, CO and its isotopologues, and C+ from
the GOT C+ survey. The correspondence between components in emission and absorption help create a more unified
picture of diffuse atomic and molecular gas in the interstellar medium. We also discuss how these tracers are related
to the CO-dark H2 gas probed by C
+ emission and discuss the kinematic connections among the species observed.
Keywords: ISM:atoms — ISM:clouds — ISM:molecules — ISM:structure — radio lines:ISM — sub-
millimeter:ISM
21. INTRODUCTION
The formation of molecular clouds proceeds from diffuse atomic gas to dense molecular clouds in which star formation
takes place. In the earliest stages, the atomic hydrogen in diffuse atomic gas transitions to molecular hydrogen seen
in diffuse molecular gas, which contains a mix of atomic and molecular gas. While atomic hydrogen can be observed
at 21 cm in emission in this material, molecular hydrogen can only be observed in absorption against a background
source. This first transition illustrates that combining the information from different species can trace a larger range of
physical conditions and when considered as an ensemble they provide a more complete picture of an entire interstellar
cloud. Many times, species observed in absorption are only combined with other species in absorption while species
observed in emission are combined with other species in emission, creating two separate views of the same evolution.
We combine the emission and absorption data toward seventeen background sources and the ten nearest GOT C+ lines
of sight to begin bridging the gap between two different views of the diffuse interstellar medium (ISM): the paradigm
created by tracers seen in absorption at visible wavelengths and the one created by tracers seen in emission at longer
wavelengths.
Studies connecting UV/visible absorption and long-wavelength emission began more 40 years ago. Knapp and Jura
(1976) sought CO emission from gas observed in absorption with the Copernicus satellite. Liszt (1979) acquired data
on CH and CO (J = 1 → 0) emission along the line of sight to ζ Oph, finding material with a very small Doppler
parameter. Subsequent observations of CO J = 2→ 1 emission (Crutcher and Federman 1987) and absorption from CH
and CN toward the star (Lambert et al. 1990; Crawford et al. 1994) confirmed the component structure seen by Liszt
(1979). Willson examined the correpondence between CH emission and absorption toward background stars. Building
on this correspondence, Federman and Willson (1982) used CH measurements to suggest an association between dark
clouds and their envelopes of diffuse molecular gas, while Mattila (1986) showed more clearly the connection between
diffuse molecular gas and dark clouds. For the material in the direction of HD 29647, Crutcher (1985) combined radio
and visible data for a comprehensive analysis of the material. Maps of molecular emission in the vicinity of background
stars were obtained to learn more about the association of diffuse and dark molecular gas. Examples include the work
of Federman and Willson (1984) on gas near the Pleiades, of Gredel et al. (1992) on gas toward HD 210121, and
of Gredel et al. (1994) on translucent clouds. The results described here are the latest effort seeking details of the
correspondence revealed by the earlier studies.
Diffuse atomic and molecular gas have been traditionally studied using absorption in the ultraviolet (UV) and visible
portions of the spectrum. For instance, CN absorption traces relatively dense gas (n ∼ 300 cm−3). In the portions
of the cloud surrounding this gas without detectable amounts of CN absorption, we find absorption from CH, CH+,
K I, Ca I, Ca II as the density decreases. Among these species, the CN profile is usually much less complicated than
profiles of other species for a given sight line because it is only probing the denser material. The column densities (N )
of CN components are correlated with column densities of corresponding CH components surrounding the denser CN
regions. Welty & Hobbs (2001) found an essentially linear relationship between N (K I) and N (CH) by using total
column densities along lines of sight. The column densities N (Ca I) and N (K I) are also well correlated (Welty et
al. 2003). Figure 6 from Pan et al. (2005) shows a schematic of this idea; overlapping layered locations of tracers at
visible wavelengths within a cloud. Densities (nH) refer to total proton density, n(H I)+2n(H2).
• Ca II samples low density atomic gas (nH ≤ 10 cm
−3)
• K I, Ca I, CH+, and CH sample somewhat denser molecular gas (nH ≈ 100 cm
−3)
• CN and CO sample the densest regions of diffuse molecular clouds (nH ≈ 300 cm
−3)
While absorption spectra are sensitive to low densities and column densities, emission spectra are sensitive to density
via the collisional rate and are more difficult to detect in low density environments. Recently, it has become possible to
study these environments in emission from the 158 µm fine structure line of C+ (Langer et al. 2010). However, because
C+ has only one fine-structure line, it cannot completely characterize the emitting gas without making assumptions
about the physical conditions (Langer et al. 2014, Velusamy et al. 2010). The current effort is meant to complement
the Herschel key program GOT C+ (Galactic Observations of Terahertz C+), which was designed to study the ISM
by connecting the emission from the [C II] 2P3/2 →
2 P1/2 fine structure line at 158 µm with emission from H I at 21
cm and CO at 2.6 mm. The GOT C+ project is described in detail by Langer et al. (2010). The analyses of Langer et
al. (2014) were based on tracers (H I, 12CO, 13CO) observed at radio and millimeter wavelengths. In order to discern
the types of interstellar environment producing C+ emission, they adopted the following picture.
3• Diffuse Atomic Clouds (Warm Neutral Medium): Components seen in H I only; the densities and column densities
are too low to produce C+ emission above the GOT C+ sensitivity limit. (nH ≤ 1 cm
−3)
• Diffuse Atomic Clouds (Cold Neutral Medium): Components seen in H I, and/or C+, with 12CO and 13CO
emission well below the detection limit, with the assumption that this H I is associated with the envelope around
denser colder gas. Here, some of the C+ emission comes from H I and some from CO-dark H2 gas. (1 cm
−3 ≤
nH ≤ 300 cm
−3)
• CO-dark H2 Gas: Components seen in H I, and/or C
+, but with no 12CO and 13CO emission above the detection
limit. (nH ≈ 300 cm
−3)
• Molecular Clouds: Components seen in H I, and/or C+, 12CO, and 13CO emission, with the distinction that
clouds with 13CO are denser. (300 cm −3 ≤ nH ≤ 1000 cm
−3)
Studies of atomic and molecular absorption and emission in the diffuse ISM have their own seemingly separate
paradigms. However, measurements of atomic and molecular absorption at visible and UV wavelengths provide
complementary data on some of the environments seen in the GOT C+ survey. By associating probes seen at optical
and UV wavelengths with the results from the GOT C+ survey, we can pursue an integrated study of the diffuse ISM,
incorporating data from radio to UV wavelengths. We also note how these tracers are related to the CO-dark H2
gas being probed by C+ emission, focusing on the kinematic connections among the species. The outline of this first
paper is as follows. Section 2 describes the observations. Section 3 provides the results of our survey, while Section 4
discusses connections between the various probes. The last section presents our conclusions.
2. OBSERVATIONS
2.1. The Data
Seventeen sight lines were chosen by examining the SIMBAD database (Wenger et al. 2000); only GOT C+ pointings
accessible to the Northern Hemisphere were considered. The background targets in our survey had to be relatively
bright (B, V ≤ 10) A and B stars with amounts of extinction per kpc typical for directions with diffuse molecular
gas (such as that seen toward ζ Oph). The lines of sight had to be within 30 arcminutes of the Herschel pointings.
Visual extinctions were derived by assuming AV = 3.1 E (B -V ). Distances were obtained by spectroscopic parallax as
many stars did not have definitive Hipparcos or GAIA measurements and are known to approximately 20% based on
average uncertainties in magnitudes (∼0.02).
The data at visible wavelengths were taken at the McDonald Observatory in December of 2012, July of 2014, and
October of 2017 with the echelle spectrograph (Tull et al. 1995). Table 1 lists the stellar data and observational details
for the lines of sight. References for spectral types and (B-V)0 are provided in the footnotes of Table 1. Ca II λ3933,
Ca I λ4226, CH+ λ4232, CH λ4300, and CN λ3874 absorption features were able to all be observed with a single
exposure using the 56th order of the echelle grating centered at 4065 A˚. This setting is denoted as ‘Blue’ in Table 1.
K I λ7699 was observed with the 31st order of the echelle grating centered on 7165 A˚. This setting is denoted as ‘Red’
in Table 1.
The data reduction was performed in IRAF using standard routines. Dark and bias frames were combined and
applied to all other exposures prior to cosmic ray removal and other processing. Flat fields were normalized and
divided into the exposures. A wavelength scale was established using Th-Ar lamp exposures and applied to all stellar
exposures before they were corrected for their Vlsr offset, combined, and subsequently normalized. It should be noted
that K I was only observed for a subset of the sight lines and has a slightly lower spectral resolution than the rest of
the McDonald data, 125,000 versus 135,000. After normalization, the ISMOD routine (Sheffer, unpublished), an rms
minimization spectrum synthesis FORTRAN program, was used to model the Voigt absorption profiles via spectrum
synthesis and automatic rms minimization of (data minus fit) residuals. For each synthesized absorption feature,
ISMOD fits the total column density, the number of components, relative column density fractions, radial velocity, and
their Doppler widths (b-values) for each component. The resulting fit was compared with fits for other visible species
(Ca II, Ca I, K I, CH+, CH, CN) from the same line of sight. If there was a disagreement in the overall component
structure; all species were iteratively refit until the best overall agreement was reached.
Some species such as Ca II have absorption components that extend well beyond those of other species observed
at visible wavelengths. This high velocity gas seen in Ca II is a well recognized phenomenon (Pan et al. 2005).
4This makes the determination of the extended structure more difficult. By requiring realistic b-value ranges for each
species seen in McDonald spectra (taken from the extensive survey conducted by Pan et al. 2005) and using the least
number of components detected at or above three sigma, we can reduce the number of possible solutions to only secure
reproducible ones. These fits were made independently of the fits to the species examined in the GOT C+ survey, and
in the majority of cases, there is agreement in the structure of the components.
Table 2 gives the results of fitting the absorption from these species (ordered by Galactic coordinates given in Table
1). Although HD 35652 and HD 60146 were observed at McDonald, Herschel measurements were not obtained, nor
were data for CO or H I emission. These two sight lines are not discussed further. Here we focus on velocities of
components; the column densities are needed for the analyses in the subsequent paper.
The GOT C+ project is described in detail by Langer et al. (2010) and Langer et al. (2014). GOT C+ sources
are labeled as GXXX.X+YY which are the latitude and longitude rounded to one decimal, the actual coordinates are
given in Table 3. The details of the data reduction are described in Pineda et al. (2013). The GOT C+ data sets are
available as a Herschel User Provided Data Product1. The GOT C+ data were fit independently of the results from
the McDonald data. GOT C+ data were fitted with 1-3 Gaussians on top of a linear continuum, in IDL, using the
MPFIT package from Markwardt et al. (2009). The initial fits for the Gaussians were determined by eye.
The [C II] 2P3/2 →
2P1/2 observations from the HIFI (Pilbratt et al. 2010; de Graauw et al. 2010) instrument
on-board the Herschel space observatory have an angular resolution of 12′′. The observations of the J = 0 → 1
transitions of 12CO, 13CO, and C18O from the ATNF Mopra Telescope have an angular resolution of 33′′. The H I
21 cm observations from the VLA Galactic Plane Survey (VGPS; Stil et al. 2006) have an angular resolution of
1′. The species observed in emission C+, CO, and H I have a velocity resolution of 0.8 km s−1 while C18O has a
velocity resolution of 1.6 km s−1. The species observed in absorption (Ca II, Ca I, K I, CH+, CH, CN) have a velocity
resolution of 2.2 km s−1. Each detection of a component is required to be at least at the 3 sigma level. The uncertainty
in column density for each component is between 1% and 30% of the column density of that component. Only the
smallest components have uncertainties nearing the three sigma detection limit; typical total uncertainties are closer
to 10%. The uncertainty in velocity is ∼0.3 km s−1 for strong lines and ∼0.6 km s−1 for weak lines, while the typical
uncertainty in b-value is also ∼0.3 km s−1.
Each sight line has a stacked plot showing the spectra of the species that were observed in absorption toward the
star and in emission for the closest GOT C+ pointing. Species not shown were not observed for that pointing, with
the exception of C18O which is not shown due to the low correspondence with absorption components. The Vlsr of
components detected at a three sigma level are indicated for each species as a red tick above the spectra. Our results
of the absorption and emission are combined into Tables 4 and 5. These two tables show the Vlsr for components with
emission features and the Vlsr of any corresponding absorption features for the inner and outer Galaxy, respectively.
These components, seen in emission and absorption, are discussed in Section 3. However, there are often components
seen in absorption that do not correspond with any of the components seen in emission, or vice versa.
The following points were considered when seeking matches to component velocities. First, diffuse atomic and
molecular gas, with kinetic temperatures of 50 to 80 K, have thermal widths of about 1 km s−1. The extensive survey
conducted by Pan et al. (2005) revealed typical b-values of 1 to 2 km s−2 for absorption lines, depending on species.
Since the species in our survey from the McDonald observations have atomic masses greater than 20 amu, thermal
broadening makes a negligible contribution to the b-value, which mainly arises from turbulent motion after removing
the instrumental width of 2.2 km s−1. Second, the light path for the hollow cathode lamp used in wavelength calibration
differs slightly from that of the stellar radiation. This difference causes 0.5 to 1.0 km s−1 offsets from an absolute
velocity scale. Third, most of the background stars in our survey have distances within 500 pc of the Sun, with only
one significantly beyond 1000 pc. On Galactic scales, these stars are considered within the solar neighborhood. The
majority of the gas along the lines of sight have velocities in the Local Standard of Rest less than 10 km s−1. Dynamical
phenomena like stellar winds and expanding supernova remnants create components with larger radial velocities, some
of which are in excess of 100 km s−1. An example involves directions that probe the supernova remnant IC 443 (Welsh
and Sallman 2003; Hischauer et al. 2009). This leads to complications in associating components seen in absorption
and emission in the inner Galaxy where large velocities may arise from dynamical phenomena, especially in atomic
gas, or Galactic rotation. In light of these considerations, correspondences were noted when velocities associated with
1 http://www.cosmos.esa.int/web/herschel/user-provided-data-products
5line centers agreed within the full width at half maximum of the lines. Weighted averages based on column density
were performed for some species when comparisons were made with the broadest lines (usually H I).
2.2. Emission versus Absorption Considerations
When comparing observations in absorption and in emission, there will frequently be components that appear shifted,
blended, or even missing entirely. Over half (56%) of the emission components are not associated with an absorption
component, and over half (53%) of the absorption components are not associated with an emission component. The
majority of the unassociated components are only seen in species associated with low density gas. Over half (52%) of
the unassociated emission components are only seen in H I and 80% of the unassociated absorption components are
only seen in Ca II.
There are several sources of these inconsistencies. One is the fact that absorption lines only sample gas along the
line of sight between the background source and the observer, while the emission lines sample all the gas. This is the
reason components observed in emission at high Vlsr are sometimes absent in absorption. The Vlsr structure for two
nearby absorption sight lines can exhibit similar differences when the background sources are at different distances.
Secondly, at low densities almost all the gas seen in absorption is in the lowest states and the maximum column
density is probed while emission lines typically come from weakly excited states in diffuse gas and are sensitive to
density. This difference results in the absorption measurements being more sensitive to detecting the gas than the
emission lines, but is also restricted to lines of sight with background sources while emission lines can be mapped.
This is one of the sources for additional components seen in absorption that are not seen in emission. Over half (80%)
of the unassociated absorption components are only seen in Ca II, which indicates low density gas.
Another source of inconsistency is from the blending of lines. Sometimes the relatively broad emission lines result
in a component that corresponds to a blend of two absorption components with slightly different velocities. Whenever
two components had to be combined to form a corresponding component, it is indicated by the use of the superscript
‘a’ on the Vlsr in Tables 4 and 5, where an averaged velocity (weighted by column density) is quoted for the McDonald
data.
There are occasional additional components seen in emission that are not seen as absorption components and fall
within the overlapping Vlsr ranges. The most likely explanation is from variations in the small scale structure between
the different locations of the emission and absorption measurements. In general, whenever an observed species is
associated with one or more of the unobserved species, those unobserved species are likely present at varying levels
between the emission and absorption pointings. However, at the location of the measurements, the levels are too
low to be confidently measured. Table 6 shows a summarized component-by-component interpretation for a pointing
with two nearby sight lines. The majority of components for the two sight lines are the same, but there are also clear
differences. The component with a Vlsr of 7 km s
−1 is seen in emission toward the GOT C+ pointing and in absorption
toward HD 165783 but not toward the other nearby slight line, HD 165918. This small scale structure can also cause
components to be slightly shifted in velocity.
3. RESULTS
To illustrate the general results, a component-by-component analysis is shown for G014.8-1.0 (see Table 7). The
remainder of the sight lines are discussed in terms of connections to nearby dark clouds and notable deviations from
the general results. Upper limits for the linear separation are calculated using the derived distance to the target star
and the observed angular separation; if two targets have the same angular separation, the distance to the nearest
target is used in the calculations.
3.1. A Component by Component Discussion
for G014.8-1.0
HD 168607 is at a distance of 1100 pc and is 12 arcmin away (≤ 3.8 pc at 1100 pc) from the pointing G014.8-1.0.
Almost all the components seen in H I are also seen in Ca II, indicating they are both probes of diffuse regions of the
individual clouds. However, there are many components seen in Ca II that are not seen in emission (at Vlsr of -45.5,
-39.7, -33.6, -28.4, -18.2, -13.4, -5.3, -0.8, 3.4, 9.9, 59.2, 65.6 km s−1). This difference is due to the increased sensitivity
of absorption measurements relative to emission measurements. There are also some H I features that do not have
corresponding absorption features; these features have large Vlsr (70.0 and 112.6 km s
−1) and are most likely probing
the material behind HD 168607.
6There are three components that are seen in Ca II, CH+, and CH (near Vlsr of 6.7, 15.0, 23.3 km s
−1); these
components only correspond with emission features seen in H I. The presence of CH and CH+ indicates that these
components are probing denser regions than if only Ca II or H I were observed. We would expect these types of
regions, with CH or CH+ detections, to have some amount of CN or CO. The CH+ absorption indicates the presence
of relatively low density gas (Pan et al. 2005); otherwise, reactions with H2 would destroy CH
+. There are clear
relationships involving CO, CH+, and CH with with molecular hydrogen for N (H2)≥10
19 cm−2, as documented in
Sheffer et al. (2008). These H2 column densities correspond to molecular hydrogen fractions of 5% to 10%. This is
the minimum molecular hydrogen fraction we use to define gas as molecular. In low density gas, the CH+ + O →
CO+ + H reaction leads to CO production. The CH and CO are also coupled through the neutral-neutral reaction
route CH + O → CO + H. However, the abundances of these species are not high enough for a reliable detection in
CO emission. Therefore, these components are most likely probing CO-dark H2 regions, where CO is present but at
a column density too low to be confidently measured in emission.
There is one component with detectable CN, CH, and Ca II near a Vlsr of 18.7 km s
−1. This component corresponds
to emission in C+, 12CO, 13CO, and C18O. The presence of 12CO, 13CO, and C18O all indicate that this component
is probing much denser gas. Here, the associated data from absorption are revealing the diffuse outer regions of a
molecular cloud.
There are several components seen in CO emission that are not seen as molecular absorption components (at Vlsr
of -26.1, 30.0, 39.1, 46.3, 55.9, 75.6 km s−1), despite the majority being associated with components in Ca II. The
presence of CO emission indicates that the density in the area being probed should be high enough for detectable
amounts of other species, such as CH or CH+. There will be some differences that arise from variations in the small
scale structure between the different locations of the emission and absorption measurements, in this case 12 arcmin.
Thus, the presence of only Ca II indicates that the absorption measurements are likely probing the lower density
atomic region that surrounds the molecular gas associated with the CO emission. Table 7 provides a summarized
component-by-component interpretation for this sight line. See Figure 3 for the stacked spectra.
3.2. Summaries for Other Pointings
Tables 4 and 5 show the Vlsr structure of components with emission features and the Vlsr of any corresponding
absorption features for the inner and outer Galaxy. However, there are often components seen in absorption that do
not correspond with any of the components seen in emission. These components are discussed here.
G010.4+0.0: HD 165783 is 4 arcmin away and HD 165918 is 6 arcmin away from G010.4+0.0. Assuming a distance
of 500 pc, the separations between directions related to the absorption and emission measurements are ≤ 0.6 pc and
≤ 0.9 pc, respectively.
There are five components seen in emission and toward both HD 165783 and HD 165918 (near Vlsr of -21.2, -10.3,
0.0, 4.2, 10.7 km s−1). Three of these are only associated with H I emission and are probing the lower density regions
(near Vlsr of -21.2, 0.0, 10.7 km s
−1). One component, seen in Ca II at 4.2 km s−1, is also associated with CH/CH+
absorption and C+ emission. The presence of CH and CH+ without CO indicates this is likely probing diffuse molecular
gas and CO-dark H2 gas.
There are six components from species seen in absorption without corresponding emission features. These additional
components are seen toward HD 165783 near Vlsr (km s
−1) of -15.9 (Ca II and CH+), -6.4 (Ca II), -3.6 (Ca II and
CH+), and 13.5, 16.6, 39.0 (Ca II). Only three of these additional components are seen toward HD 165918 near Vlsr
(km s−1) of -16.0, -3.5, 16.0 (Ca II). These differences likely stem from small scale variations in structure and weak
Ca II components. There are several nearby dark clouds including ZHS2005 C3C, C3B, C3A (Zhang et al. 2005) but
all measured Vlsr are beyond the observed range spanned by the sight lines toward HD 165783 or HD 165918. The
Vlsr given in the literature (Zhang et al. 2005) for C
18O at 66 km s−1 agrees with our measurements of a component
seen in C18O, C+, and H I at 65 km s−1. Table 6 shows the summarized component-by-component interpretation for
this GOT C+ pointing for both of its two nearby stellar sight lines. See Figures 1 and 2 for the stacked spectra. The
structure of each individual component can be seen in Figure 1 as dotted lines with the center of each component
indicated by a red tick mark. Other stacked spectra indicate the components with only red the tick marks as in Figure
2.
G015.7+1.0: HD 167498 is 9 arcmin away and HD 167812 is 15 arcmin away. Assuming a distance of 250 pc, the
separations between the directions observed in absorption and emission are ≤ 0.7 pc and ≤ 1.1 pc, respectively. There
7is one component seen in emission from G015.7+1.0 with H I and toward both HD 167498 and HD 167812 in Ca II
and CH (near a Vlsr of ∼4.1 km s
−1). This component is likely probing CO-dark H2 gas. There are two weak Ca II
components toward HD 167498 that have no emission features associated with them (near Vlsr of -14.7 and -10.8 km
s−1). There is also one component toward HD 167498 and HD 167812 observed in absorption from CH, CH+, and
Ca II that has no emission feature (near a Vlsr of 1.0 km s
−1). This component is likely probing CO-dark H2 gas. See
Figures 4 and 5 for the stacked spectra.
G020.0+0.0: HD 169754 is 14 arcmin away from G020+0.0. Assuming a distance of 2000 pc, the directions are ≤
8.1 pc apart. Almost all the H I emission components are also seen in Ca II. There are two components from species
detected via absorption toward HD 169754 that are unassociated with components seen in emission near Vlsr (km s
−1)
of -7.3 (Ca II) and 12.2 (Ca II and CH+). There are several nearby dark clouds including L413 (Lynds 1962) but only
one with additional velocity information. BGPS G020.050+0.195 has a velocity component around 18 km s−1 seen in
HCO+, N2H
+, and NH3 (Schlingman et al. 2011) that agrees with a component seen in Ca II, H I and CH
+ near 20
km s−1, and is likely associated with the outer envelope of the molecular cloud. See Figure 6 for the stacked spectra.
G032.6+0.0: HD 174509 is 13 arcmin away from G032.6+0.0 and assuming a distance of 500 pc, the directions probe
material ≤ 1.9 pc apart. The component with H I emission at -0.5 km s−1 is associated with Ca II, Ca I, K I, CH+
and CH absorption and is likely probing diffuse molecular gas. The component with H I and C+ emission near 14.4
km s−1 is associated with Ca II, Ca I indicating diffuse atomic gas. The other three absorption components all have
detected Ca II, Ca I, K I, CH and CN and are associated with CO emission near Vlsr of 5.8, 9.7, and 12.1 km s
−1
and are likely probing the cloud envelope.
There are several dark clouds nearby with measurements in NH3: BGPS G032.524-00.131 (79.3 km s
−1), BGPS
G032.527-00.123 (79.4 km s−1), BGPS G032.411-00.0099 (80.2 km s−1), BGPS G032.436-00.17 (77.4 km s−1) (Dunham
et al. 2011); however all the corresponding Vlsr measurements lie beyond the range measured for species in absorption.
There is agreement with a component seen in emission in 12CO, 13CO, C18O, C+, and H I near 75 km s−1, indicating
this molecular cloud lies behind HD 174509. See Figure 7 for the stacked spectra.
G091.7+1.0: BD+49◦ 3482 is 9 arcmin away and BD+49◦ 3484 is 4 arcmin away from G091.7+1.0. For a distance of
250 pc, the directions are ≤ 0.7 pc and ≤ 0.3 pc apart, respectively. It should be noted that the pointing G091.7+1.0
did not include CO measurements. There is one component seen in H I emission and in Ca II and CH+ for both
BD+49◦ 3482 and BD+49◦ 3484 near Vlsr of 3.5 km s
−1. There is also a component near 1.6 km s−1 seen toward
BD+49◦ 3482 that is associated with K I and CH+ absorption and H I emission.
The weak Ca II component from BD+49◦ 3482 (at Vlsr of -4.4 km s
−1) has no emission features associated with it
and three Ca II components toward BD+49◦ 3484 also have no associated emission features (at Vlsr of 8.5, 10.3 and
13.0 km s−1). Two of the components from BD+49◦ 3484 also have a CH component (near 8.5 and 10.3 km s−1). One
of these components also has CN absorption (near 10.3 km s−1). There are two dust clouds along adjacent directions,
Dobashi 2934 (Dobashi 2011) and TGU H541 P30 (Dobashi et al. 2005). There is also a molecular cloud, [DBY 94]
091.7+00.9 observed in 13CO with Vlsr of 10.9 km s
−1 (Dobashi et al. 1994). This agrees nicely with the absorption
seen in CN (10.2 km s−1), CH (10.6 km s−1), and Ca II (10.3 km s−1) and C+ emission, indicating the presence of a
diffuse molecular envelope. The nearby sight line (BD+49◦ 3482), although farther from the Herschel pointing, mainly
shows the lower velocity material. See Figures 8 and 9 for the stacked spectra.
G109.8+0.0: HD 240179 and HD 240183 are both 7 arcmin away from G109.8+0.0 and have a separation of ≤ 1.4
pc, assuming a distance of 700 pc. It should be noted that the pointing G109.8+0.0 did not include CO measurements.
There are two components seen in H I emission and Ca II absorption toward both HD 240179 and HD 240183 (near
Vlsr of -10.3 and 0.2 km s
−1). Spectra of HD 240179 also reveal this component in CH+, as well as an additional
component near 4.0 km s−1 that is not seen toward HD 240183. This component near 4.0 km s−1 is detected in H I
emission and Ca II and K I absorption and is likely sampling a diffuse molecular cloud edge.
There are several components seen in absorption that have no corresponding emission features (near Vlsr of -7.0,
-3.5, -1.0, 7.6, 11.9 and 17.5 km s−1), several of which are only weak Ca II components (near Vlsr of 7.6, 11.9, and
17.5 km s−1). However, there are three components with Ca II, CH, CH+, and K I with no corresponding emission
features (near Vlsr of -7.0, -3.5, -1.0 km s
−1) and might point to the presence of CO-dark H2 gas, but without CO
emission data for this pointing it is difficult to confirm. There is a dense core nearby, IRAS 23033+5951, which has
8been studied extensively. NH3 observations by Wouterloot et al. (1988) show emission at Vlsr of -52.8 km s
−1, while
12CO and 13CO measurements by Wouterloot et al. (1989) indicate respective Vlsr of -51.8 and -53.1 km s
−1. This
component is clearly associated with the emission seen in H I and C+. See Figures 10 and 11 for the stacked spectra.
G207.2-1.0: HD 47073 and HD 260737 are both 7 arcmin away from G207.2-1.0, and assuming a distance of 200 pc,
the directions are both separated by ≤ 0.4 pc. There is one component seen in H I emission and in Ca II absorption
for both HD 47073 and HD 260737 near a Vlsr of 3.8 km s
−1 and is likely only probing diffuse atomic gas. There is
one additional component toward HD 260737 that is seen in both emission (H I and 12CO) and absorption (Ca II and
K I) near a Vlsr of 9.4 km s
−1 and is likely probing the envelope of a molecular cloud. Four additional weak Ca II
components toward HD 260737 are not seen in emission (-15.6, -8.6, -2.9, 1.8, and 5.3 km s−1). See Figures 12 and 13
for the stacked spectra.
G225.3+0.0: HD 55469 is 26 arcmin away and HD 55981 is 8 arcmin away from G225.3+0.0. Assuming a distance
of 400 pc, the separations are ≤ 3.0 pc and ≤ 0.9 pc, respectively. There is no H I data for this pointing. Emission
components are detected toward G225.3+0.0 near Vlsr of 17.8 (C
+ and 12CO) and 51.9 (C+) km s−1. There are
absorption components detected toward HD 55981 near Vlsr of -7.3, -2.3, 2.8, 5.7, 9.2 (Ca II), 14.8 (Ca II, K I, and
CH+), and 20.9 km s−1 (Ca II). There are also absorption components detected toward HD 55469 near Vlsr of 2.0
(Ca II and K I) and 3.8, 10.3 km s−1 (Ca II). While there are components seen in emission and in absorption, no clear
correspondence is found between the emission and absorption components. The closest correspondence is seen for the
absorption from CH+, K I and Ca II around a Vlsr of 14.8 km s
−1 and the emission from C+ and 12CO around a Vlsr
of 17.5 km s−1. Kim et al. (2004) studied L1658 in 13CO at coordinates G224.3-1.1 (at a Vlsr of 15.5 km s
−1) and
G226.1-0.04 (at a Vlsr of 16.2 km s
−1). These velocities both fall between those of the emission at 17.5 km s−1 and the
absorption at 14.8 km s−1, suggesting that the components are related. See Figures 14 and 15 for the stacked spectra.
4. DISCUSSION
Section 3.1 gave a component-by-component analysis for a single sight line and Tables 6 and 7 show component-by-
component interpretations for single pointings. Section 3.2 provided similar results in summary. When the results of
all the pointings are combined, trends start to emerge. Table 8 shows the tabulated results for all observations and
we interpret the combined results here.
4.1. H I and Ca II Detections
The majority of components seen in H I are also seen in Ca II, which are both probes of the more diffuse regions of
individual clouds. Components only seen in Ca II and H I gas are likely probing diffuse atomic gas, where densities are
too low to excite [C II] 2P3/2 →
2P1/2 efficiently or react rapidly enough to produce CO. This accounts for approximately
1/4 of the associated components. Components seen in Ca II and H I gas that are also associated with any of the
additional species considered here typically probe denser gas than the diffuse atomic regime.
4.2. C+, Ca I, K I, CH+, CH, and CN Detections
The majority of components seen in C+, Ca I, K I, CH+, CH, or CN also tend to be associated with probes of the
very diffuse gas (H I and Ca II). The presence of C+, Ca I, K I, CH+, or CH indicates that the component is probing
denser material than if only Ca II or H I were observed (Pan et al. 2005). The additional presence of CN indicates
that the component is probing even denser material than if only C+, Ca I, K I, CH+, or CH were observed.
The species that probe very diffuse gas in emission seem to be associated with species seen in absorption that are
seen in diffuse molecular clouds. The presence of C+, Ca I, K I, CH+, or CH all suggest that there should be some
CO being produced, as discussed in Section 3.1, and the presence of CN suggests even higher levels of CO should be
present. Thus if there is no detectable amounts of CO at the same Vlsr , it does not mean CO is not present, but that
the conditions and/or density are not suitable for detecting the emission. Therefore, these components with C+, Ca I,
K I, CH+, or CH and no detectable CO are most likely probing regions of CO-dark H2 gas and components associated
with CN and no detectable CO are probably probing the slightly denser inner regions of CO-dark H2 gas.
These regions of CO-dark H2 gas can be further probed by looking at the pure rotational emission lines of H2. These
lines have been detected by ISO and then by Spitzer several times, e.g. the Taurus molecular cloud (Goldsmith et al.
2010) and in translucent clouds (Ingalls et al. 2011). JWST would likely build on these results using the rotational
emission lines of H2 to probe CO-dark H2 gas at the edges of molecular clouds.
94.3. CO Detections
Detectable amounts of CO emission often correspond to components seen in C+, K I, CH+, CH, or CN. This accounts
for almost half of the associated CO components. The other half of the associated CO emission components are only
associated with Ca II components. About 70% of the CO emission components also have 13CO or C18O emission. The
additional presence of 13CO or C18O indicates a component that is associated with much denser gas, specifically the
inner portion of the associated molecular cloud. Detectable amounts of C18O are only present in the most dense gas
regions considered here.
5. CONCLUSIONS
The majority of absorption components are only associated with gas seen in H I emission. About half of these
components are representative of diffuse atomic gas, probed by Ca II, Ca I, and K I. The amount of C+ in atomic
gas from the Warm Neutral Medium is usually too low to produce C+ emission above the GOT C+ sensitivity limit.
However, in the atomic and molecular gas of the Cold Neutral Medium, C+ begins to increase above the GOT C+
sensitivity limit.
More importantly, the remaining half of the absorption components associated with H I only and/or C+ gas come
from molecules found in diffuse molecular gas (e.g., Pan et al. 2005). In diffuse gas, reactions between C+ and H2
lead to CH+ and CH, and further reactions lead to CN (e.g., Federman et al. 1994) and CO (e.g., Sheffer et al. 2008),
despite the amount of emission being below the sensitivity limit. Therefore, components with C+, Ca I, K I, CH+, or
CH and no CO emission are likely associated with CO-dark H2 gas.
There were very few detections of CN absorption in this sample, but when CN is seen, it is usually connected with
gas containing CO emission. This further supports the combined picture summarized below. Furthermore, whenever
these absorption components are associated with CO gas seen in emission, they are most likely probing the molecular
cloud envelope. In the densest regions probed here, we also start to detect 13CO and C18O emission. In summary, we
can say
• Diffuse Atomic Clouds have components seen in: Ca II, Ca I, H I, and sometimes C+; (nH < 100 cm
−3)
• Diffuse Molecular Clouds (CO-dark H2 gas) have components seen in: C
+, K I, CH+, CH, or CN but without
12CO or 13CO emission; (100 cm −3 ≤ nH ≤ 300 cm
−3)
• Dense Molecular Cloud Envelopes have components seen in: 12CO and 13CO emission (with the distinction that
clouds with 13CO are denser) and any of the additional species seen in emission or absorption. (300 cm −3 ≤
nH(envelope) ≤ 1000 cm
−3)
This combined picture of diffuse atomic and molecular gas will be developed further in a subsequent paper, where
analyses of CN chemistry as well as C0, CO, and CN excitation yield estimates for density. The data for C I and CO
come from recently acquired Hubble Space Telescope measurements.
We are grateful to Yaron Sheffer for allowing us the use of his program ISMOD. This research made use of the
SIMBAD database operated at CDS, France. Some of this work was preformed at the Jet Propulsion Laboratory,
California Institute of Technology, under contract with NASA. U.S. Government sponsorship acknowledged.
Software: IRAF, ISMOD, MPFIT (Markwardt et al. (2009)
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Table 1. Stellar Data
Star l b B V E (B -V ) Distance Spectral Exp time Exp time
(Mag) (Mag) (Mag) (pc) Type Blue (sec) Red (sec)
July 2014 Observations
HD 165783 10.45 0.06 8.60a 8.33a 0.46 500 B3/5Ibb 5400 . . .
HD 165918 10.51 -0.07 8.22c 8.11c 0.26 900 B5IV/Vb 4800 . . .
HD 168607 14.97 -0.94 9.82d 8.28d 1.37 1100 B9Iaepe 7200 . . .
HD 167498 15.65 0.85 8.07c 7.83c 0.19 400 A2IVb 3600 . . .
HD 167812 15.88 0.59 8.19c 7.97c 0.29 250 B9.5Vb 3600 . . .
HD 169754 20.02 0.24 9.64d 8.60d 1.11 2000 B0.5Iaf 5400 . . .
December 2012 Observations
BD +49◦ 3482 91.54 0.97 9.40c 9.09c 0.22 250 A2g 10800 3600
BD +49◦ 3484 91.65 1.04 9.70c 9.43c 0.28 400 A0g 7200 . . .
HD 240179 109.91 -0.04 9.50i 9.28i 0.39 700 B5Vg 9000 3600
HD 240183 109.93 -0.05 9.97j 9.85j 0.29 1050 B5Vg 12300 7200
HD 35652 173.05 -0.03 8.57k 8.39k 0.40 700 B3Vnnel 7200 3600
HD 47073 207.09 -1.05 8.57c 8.34c 0.19 200 A5/7h 5400 3600
HD 260737 207.11 -1.06 9.27c 9.18c 0.02 350 A2g 16200 5400
HD 55469 225.24 -0.42 9.57c 9.35c 0.24 400 A2IIIh 16200 3600
HD 55981 225.36 0.11 10.02m 9.87m 0.23 650 A0IVh 17700 7200
HD 60146 234.31 0.12 9.48c 9.49c . . . . . . B8II/IIIb . . . 5400
October 2017 Observations
HD 174509 32.36 -0.12 9.48g 9.27g 0.32 500 B3V(n)h 14000 7200
aJaschek and Egret 1982
bHouk and Smith-Moore 1988
cHog et al. 2000
dDucati 2002
eWalborn and Fitzpatrick 2000
fMorgan et al. 1955
gCannon and Pickering 1993
hHouk and Swift 1999
i ESA 1997
jKislyuk et al. 2000
kHohle et al. 2010
l Guetter 1968
mClaria 1974
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Table 2. Observations from McDonald Observatory
Star Ca II K I Ca I CH+ CH CN
V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N
a/1011 b
(km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1)
HD 165783 -21.5 0.6 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-15.9 2.4 2.0 . . . . . . . . . . . . . . . . . . -15.3 58.0 2.4 . . . . . . . . . . . . . . . . . .
-13.0 2.0 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-9.8 12.2 2.2 . . . . . . . . . -10.5 0.10 1.6 -9.1 51.9 2.5 . . . . . . . . . . . . . . . . . .
-6.4 4.2 1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-3.6 4.3 2.5 . . . . . . . . . . . . . . . . . . -4.3 26.0 1.9 . . . . . . . . . . . . . . . . . .
1.1 6.4 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.9 40.3 1.6 . . . . . . . . . 6.0 0.10 1.6 5.0 228.0 2.5 4.1 67.3 1.5 . . . . . . . . .
7.7 8.4 1.6 . . . . . . . . . . . . . . . . . . 6.9 171.0 1.4 7.3 138.0 1.1 7.3 ≤ 112 1.0
9.9 7.6 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
13.5 2.1 1.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
16.6 2.2 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
20.4 4.0 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
23.8 2.9 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
28.5 4.7 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
34.8 2.2 1.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
39.0 4.4 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
45.2 0.5 1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 165918 -21.2 0.7 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-16.0 2.1 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-11.2 3.2 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-8.8 1.9 2.2 . . . . . . . . . . . . . . . . . . -7.7 43.1 3.3 . . . . . . . . . . . . . . . . . .
-3.5 1.8 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.0 5.1 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 17.6 2.3 . . . . . . . . . 5.0 ≤ .057 1.6 5.1 128.5 2.3 4.9 70.2 2.5 5.1 ≤ 79.7 1.0
10.7 1.9 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
16.0 1.9 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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2Table 2 (continued)
Star Ca II K I Ca I CH+ CH CN
V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N
a/1011 b
(km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1)
HD 168607 -45.5 1.0 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-39.7 2.2 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-33.6 3.1 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-28.4 4.5 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-23.0 4.1 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-18.2 6.0 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-13.4 5.9 1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-9.8 5.8 1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-5.3 10.0 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-0.8 7.4 1.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4 118.8 1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.8 31.5 1.0 . . . . . . . . .
6.7 11.5 1.8 . . . . . . . . . 5.5 ≤.076 1.6 5.5 177.6 2.9 7.0 85.1 2.5 . . . . . . . . .
9.9 11.8 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
15.0 16.4 2.2 . . . . . . . . . . . . . . . . . . 15.2 333.0 2.1 14.5 199.3 2.1 . . . . . . . . .
18.7 9.0 1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 18.3 47.7 1.0 18.5 26 1.7
22.1 25.3 2.0 . . . . . . . . . . . . . . . . . . 20.8 360.0 3.4 22.9 344.9 1.6 . . . . . . . . .
26.0 10.9 1.8 . . . . . . . . . . . . . . . . . . 27.2 154.0 3.5 . . . . . . . . . . . . . . . . . .
30.7 4.4 1.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
35.4 3.4 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
40.5 3.3 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
46.2 2.4 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
52.6 1.4 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
59.2 1.9 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
65.6 0.7 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 2 (continued)
Star Ca II K I Ca I CH+ CH CN
V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N
a/1011 b
(km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1)
HD 167498 -14.7 1.1 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-10.8 2.4 1.6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-6.0 1.4 1.8 . . . . . . . . . . . . . . . . . . -6.5 21.2 1.6 . . . . . . . . . . . . . . . . . .
0.6 12.0 1.8 . . . . . . . . . 1.6 0.10 1.6 0.8 99.4 2.7 0.1 43.4 1.7 0.1 ≤32 1.0
4.1 6.2 2.3 . . . . . . . . . . . . . . . . . . 4.4 67.9 3.2 5.1 39.0 2.5 . . . . . . . . .
HD 167812 1.0 12.6 1.8 . . . . . . . . . 2.2 0.10 1.6 1.6 101.8 2.0 1.2 121.5 1.8 1.2 ≤ 65 1.0
4.1 4.9 1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4 16.7 0.9 . . . . . . . . .
HD 169754 -11.6 1.6 1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-7.3 2.1 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-3.1 6.9 1.9 . . . . . . . . . . . . . . . . . . -3.1 64.7 3.5 -1.0 64.0 1.2 -2.0 66 1.7
1.6 59.6 2.0 . . . . . . . . . 2.5 0.20 1.6 1.9 87.5 1.1 2.5 171.3 0.8 1.5 170 1.2
5.5 500.0 1.8 . . . . . . . . . . . . . . . . . . 4.6 74.1 1.1 5.8 281.0 1.3 5.5 340 0.7
12.2 22.7 2.3 . . . . . . . . . 16.3 0.20 1.6 15.7 46.1 2.7 . . . . . . . . . . . . . . . . . .
19.0 500.0 2.5 . . . . . . . . . 22.9 0.10 1.2 21.4 58.7 2.8 . . . . . . . . . . . . . . . . . .
26.4 8.7 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
32.3 4.8 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
38.2 8.7 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
42.6 22.5 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
48.3 7.1 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
60.3 4.5 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
63.5 8.2 1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 174509 -9.1 1.3 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-5.1 2.8 1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.1 8.9 2.5 1.0 2.5 1.5 1.0 0.09 0.4 0.3 38.4 1.2 0.7 12.4 1.1 . . . . . . . . .
2.8 6.6 1.7 3.8 1.8 2.3 3.2 0.07 1.9 . . . . . . . . . 3.5 20.7 1.7 3.2 5.5 0.3
7.8 23.2 2.2 8.4 9.6 0.7 8.9 0.16 1.2 7.6 20.7 2.5 8.4 132.5 2.5 7.4 11.0 0.3
12.2 124.1 1.3 11.5 2.8 2.1 11.6 0.15 2.5 10.5 39.4 1.4 12.0 41.4 1.0 11.3 14.0 1.1
15.7 15.1 2.5 . . . . . . . . . 14.9 0.18 1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . .
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4Table 2 (continued)
Star Ca II K I Ca I CH+ CH CN
V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N
a/1011 b
(km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1)
BD+49◦ 3482 -4.4 0.4 1.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.6 1.5 1.4 1.2 1.2 1.1 . . . . . . . . . 1.5 21.3 2.0 . . . . . . . . . . . . . . . . . .
3.8 2.0 2.0 . . . . . . . . . . . . . . . . . . 3.7 22.2 2.5 . . . . . . . . . . . . . . . . . .
6.8 1.5 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
BD+49◦ 3484 3.5 3.7 2.3 . . . . . . . . . . . . . . . . . . 2.8 57.5 3.5 . . . . . . . . . . . . . . . . . .
8.5 3.8 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.3 1.6 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.3 75.1 1.9 10.6 ≤ 1.9 1.0
13.0 1.2 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 240179 -10.3 1.0 2.5 . . . . . . . . . -9.1 0.09 1.5 -9.9 69.6 2.1 . . . . . . . . . . . . . . . . . .
-6.9 9.6 2.4 -6.6 1.0 2.2 -6.0 0.13 2.0 -7.2 43.4 2.5 -6.6 30.9 1.6 . . . . . . . . .
-3.5 44.2 2.3 -3.7 2.1 2.0 -3.0 0.19 1.9 -3.3 73.2 2.3 . . . . . . . . . . . . . . . . . .
-1.2 17.2 2.2 -1.5 5.4 1.4 . . . . . . . . . -1.1 24.7 3.3 -1.5 40.2 2.0 . . . . . . . . .
0.2 1.9 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.3 66.1 2.0 0.3 ≤ 8.4 1.0
4.0 6.5 2.5 3.5 0.5 2.1 3.9 0.05 1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.6 3.5 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
11.9 1.6 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
17.5 1.0 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 240183 -12.5 0.6 2.5 . . . . . . . . . -12.4 0.09 1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . .
-9.9 2.3 1.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-5.8 9.6 1.9 -5.3 0.4 1.0 . . . . . . . . . -5.3 49.5 3.5 . . . . . . . . . . . . . . . . . .
-1.9 20.8 2.5 -1.7 4.4 1.3 -3.3 0.12 1.5 -1.6 42.7 2.2 -1.3 61.1 2.5 -1.3 ≤ 5.5 1.0
2.1 5.9 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.9 4.3 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
12.1 1.8 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
18.0 2.5 1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 2 (continued)
Star Ca II K I Ca I CH+ CH CN
V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N
a/1011 b
(km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1)
HD 35652b -32.8 1.0 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-26.9 1.7 2.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-22.3 1.3 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-18.4 2.2 1.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-14.4 4.4 1.5 -14.5 0.3 2.5 . . . . . . . . . -15.6 23.9 2.9 . . . . . . . . . . . . . . . . . .
-11.3 6.1 1.3 -11.1 0.4 1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-9.0 6.0 1.2 . . . . . . . . . . . . . . . . . . -9.0 19.2 1.5 . . . . . . . . . . . . . . . . . .
-6.1 9.8 2.5 -6.2 0.1 1.5 . . . . . . . . . -6.1 35.1 3.5 . . . . . . . . . . . . . . . . . .
-2.5 6.5 2.5 -2.0 0.3 1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.0 3.3 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.7 20.9 1.7 3.8 9.2 1.4 3.1 0.14 1.8 3.7 147.8 2.9 3.7 117.2 2.3 3.7 ≤ 6.4 1.0
6.2 0.6 2.5 . . . . . . . . . . . . . . . . . . 6.1 135.8 2.2 . . . . . . . . . . . . . . . . . .
8.7 4.4 1.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
13.2 0.9 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 47073 3.8 2.2 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 260737 -15.6 1.6 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-8.6 0.9 2.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-2.9 1.9 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.8 2.7 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.3 1.7 1.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.5 0.8 2.3 7.2 0.3 2.2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
11.1 0.9 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 55469 1.6 3.8 1.4 1.8 1.2 1.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.8 3.5 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
10.3 1.6 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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6Table 2 (continued)
Star Ca II K I Ca I CH+ CH CN
V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N/1011 b V
lsr
N
a/1011 b
(km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1) (km s−1) (cm−2) (km s−1)
HD 55981 -7.3 0.5 2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
-2.3 2.5 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.8 2.7 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.7 3.2 2.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
9.2 4.6 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
14.8 4.5 2.5 14.9 1.3 1.0 . . . . . . . . . 14.5 125.5 2.2 . . . . . . . . . . . . . . . . . .
20.9 2.3 2.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 60146b . . . . . . . . . 0.0 0.4 1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
a The column density for CN includes J=0 and J=1 for detections. For upper limits, the column density for CN includes J=0 (at the maximum
depth at the largest CH component with b=1 km s−1) and includes the predicted J=1 column density, 50% of the J=0 column density.
b No additional data.
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Table 3. GOT C+ Pointings
LOS-ID l b
G014.8-1.0 14.7826 -1.0
G010.4+0.0 10.4348 0.0
G010.4+0.0 10.4348 0.0
G015.7+1.0 15.6522 1.0
G020.0+0.0 20.0000 0.0
G032.6+0.0 32.5532 0.0
G091.7+1.0 91.6981 1.0
G109.8+0.0 109.8113 0.0
G207.2-1.0 207.1700 -1.0
G225.3+0.0 225.2830 0.0
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Table 4. Velocities of Components with Corresponding Emission Features in the Inner Galaxy
Species Vlsr (km s
−1)
G010.4+0.0
C+ -38.9 . . . . . . . . . . . . 5.8 . . . . . . . . . 25.0 . . . 45.3 65.0 . . . 73.7 . . . . . . . . . . . .
H I . . . -25.8 -19.5 -10.0 1.2 . . . . . . 11.8 20.9 . . . 35.4 45.3 65.7 . . . 75.1 90.7 122.4 . . . 150.9
12CO . . . . . . . . . -11.0 . . . . . . 6.8 . . . 20.4 26.7 34.0 . . . . . . 69.5 . . . . . . 122.9 145.7 153.2
13CO . . . . . . . . . -11.0 . . . . . . 6.3 . . . 20.5 23.4 34.3 . . . . . . 69.0 . . . . . . . . . . . . . . .
C18O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68.8 . . . . . . . . . . . . . . .
HD 165783
Ca II . . . . . . -21.5 -10.2a 1.1 4.9 7.7 10.7a 20.4 26.7a 34.8 45.2 . . . . . . . . . . . . . . . . . . . . .
Ca I . . . . . . . . . -10.5 . . . 6.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CH+ . . . . . . . . . -9.1 . . . 5.0 6.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CH . . . . . . . . . . . . . . . 4.1 7.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
HD 165918
Ca II . . . . . . -21.2 -10.3a 0.0 4.2 . . . 10.7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CH+ . . . . . . . . . -7.7 . . . 5.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CH . . . . . . . . . . . . . . . 4.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
G014.8-1.0
C+ . . . . . . . . . . . . 20.9 . . . . . . . . . . . . . . . . . . . . .
H I -24.1 -8.3 5.3 15.0 . . . 23.5 . . . 37.4 . . . 54.9 70.0 112.6
12CO -26.1 . . . . . . . . . 19.4 . . . 30.0 39.1 46.3 55.9 75.6 . . .
13CO . . . . . . . . . . . . 19.3 . . . 29.7 . . . . . . . . . 74.8 . . .
C18O . . . . . . . . . . . . . . . . . . 29.9a . . . . . . . . . . . . . . .
HD 168607
Ca II -23.0 -9.8 6.7 15.0 18.7 23.3a 30.7 37.9a 46.2 52.6 . . . . . .
CH+ . . . . . . 5.5 15.2 . . . 22.7a . . . . . . . . . . . . . . . . . .
CH . . . . . . 7.0 14.5 18.3 22.9 . . . . . . . . . . . . . . . . . .
CN . . . . . . . . . . . . 18.5 . . . . . . . . . . . . . . . . . . . . .
Table 4 continued on next page
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Table 4 (continued)
Species Vlsr (km s
−1)
G015.7+1.0
C+ -79.5 . . . . . . . . . . . . . . . 18.1 28.5 . . . . . . . . . . . . . . .
H I . . . -41.3 -19.6 -5.0 5.0 . . . 18.7 30.2 . . . 45.0 61.2 95.0 140.9
12CO . . . . . . . . . . . . . . . 10.0 19.1 29.2 38.2 48.4 . . . . . . . . .
HD 167498
Ca II . . . . . . . . . -6.0 4.1 . . . . . . . . . . . . . . . . . . . . . . . .
CH+ . . . . . . . . . -6.5 4.4 . . . . . . . . . . . . . . . . . . . . . . . .
CH . . . . . . . . . . . . 5.1 . . . . . . . . . . . . . . . . . . . . . . . .
HD 167812
Ca II . . . . . . . . . . . . 4.1 . . . . . . . . . . . . . . . . . . . . . . . .
CH . . . . . . . . . . . . 5.4 . . . . . . . . . . . . . . . . . . . . . . . .
G020.0+0.0
C+ . . . . . . . . . . . . . . . . . . 28.2 . . . 37.1 46.4 55.9 67.8 . . . . . . . . . 114.5 . . .
H I -28.8 -12.6 -0.8 . . . 8.8 20.4 . . . 34.0 . . . 44.3 54.9 65.0 76.8 80.9 94.3 114.2 122.6
12CO . . . . . . . . . 6.6 . . . . . . 27.8 . . . . . . 45.4 . . . 65.0 72.1 80.3 . . . 118.8 . . .
13CO . . . . . . . . . 7.0 . . . . . . 27.8 . . . . . . 45.4 . . . 65.0 71.3 . . . . . . . . . . . .
C18O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65.0 71.2 . . . . . . . . . . . .
HD 169754
Ca II . . . -11.6 1.1a 5.5 . . . 19.0 26.4 32.3 38.2 44.0a . . . 63.5 . . . . . . . . . . . . . . .
Ca I . . . . . . 2.5 . . . . . . 22.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CH+ . . . . . . -0.2a 4.6 . . . 21.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CH . . . . . . 1.5a 5.8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CN . . . . . . 0.5a 5.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
G032.6+0.0
C+ . . . . . . . . . . . . . . . . . . . . . 16.0 26.6 . . . 52.9 . . . 74.4 . . . 101.1a
H I -48.0 -37.2 -19.3 -0.5 . . . . . . . . . 14.4 25.3 35.0 52.4 . . . 76.9 91.2 102.4
12CO . . . . . . . . . . . . 5.8 9.7 . . . . . . . . . . . . . . . 71.6 77.4 93.5 101.5
13CO . . . . . . . . . . . . . . . 9.5 12.1 . . . . . . . . . . . . . . . 74.4a 93.3 101.6
C18O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74.1 . . . . . .
HD 174509
Ca II . . . . . . . . . 0.1 2.8 7.8 12.2 15.7 . . . . . . . . . . . . . . . . . . . . .
Ca I . . . . . . . . . 1.0 3.2 8.9 11.6 14.9 . . . . . . . . . . . . . . . . . . . . .
K I . . . . . . . . . 1.0 3.8 8.4 11.5 . . . . . . . . . . . . . . . . . . . . . . . .
CH+ . . . . . . . . . 0.3 . . . 7.6 10.5 . . . . . . . . . . . . . . . . . . . . . . . .
CH . . . . . . . . . 0.7 3.5 8.4 12.0 . . . . . . . . . . . . . . . . . . . . . . . .
CN . . . . . . . . . . . . 3.2 7.4 11.3 . . . . . . . . . . . . . . . . . . . . . . . .
aOccasionally two nearby components need to be combined to create agreement with the features in another species. This is done by weighting the
Vlsr of the components by their relative column densities and taking an average.
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Table 5. Velocities of Components with Corresponding Emission Features in the Outer Galaxy
Species Vlsr (km s
−1)
G091.7+1.0
C+ . . . -100.7 . . . . . . . . . . . . . . . . . . . . . . . . . . .
H I -111.9 . . . -93.9 -82.2 -70.5 -54.0 -43.5 -32.6 -10.1 0.1 5.0
BD+49◦ 3482
Ca II . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.6 5.4a
K I . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 . . .
CH+ . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5 3.7
BD+49◦ 3484
Ca II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5
CH+ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.8
G109.8+0.0
C+ . . . . . . . . . -50.4 . . . . . . . . . . . .
H I -92.8 -75.0 -59.4 -47.0 -39.0 -10.0 1.8 3.7
HD 240179
Ca II . . . . . . . . . . . . . . . -10.3 0.2 4.0
Ca I . . . . . . . . . . . . . . . -9.1 . . . 3.9
K I . . . . . . . . . . . . . . . . . . . . . 3.5
CH+ . . . . . . . . . . . . . . . -9.9 0.3 . . .
HD 240183
Ca II . . . . . . . . . . . . . . . -10.4a 2.1 . . .
Table 5 continued on next page
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Table 5 (continued)
Species Vlsr (km s
−1)
G207.2-1.0
C+ . . . . . . 13.0 . . . . . . . . .
H I 3.2 9.2 . . . 19.7 25.0 38.3
12CO . . . 8.7 . . . . . . . . . . . .
HD 47073
Ca II 3.8 . . . . . . . . . . . . . . .
HD 260737
Ca II 1.8 9.4a . . . . . . . . . . . .
K I . . . 7.2 . . . . . . . . . . . .
G225.3+0.0
C+ 17.8 51.9
12CO 17.4 . . .
HD 55469
Ca II . . . . . .
K I . . . . . .
CH+ . . . . . .
HD 55981
Ca II 14.8b . . .
K I 14.9b . . .
CH+ 14.5b . . .
aOccasionally two nearby components need to be combined to create agreement with the features in another species. This is
done by weighting the Vlsr of the components by their relative column densities and taking an average.
b This component is likely associated with the emission component through additional correspondence with literature data.
(See text for further details.)
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Table 6. Comparison of Component Structure: G010.4+0.0
G010.4+0.0 HD 165783 HD 165918
Vlsr GOT C+ McDonald McDonald Comments
(km s−1) Components Components Components
-20 H I Ca II Ca II Warm neutral
-10 H I, 12CO Ca II, CH+ Ca II, CH+ Molecular cloud edge
1.0 H I Ca II Ca II Warm neutral
5.0 C+ Ca II, CH+, CH Ca II, CH+, CH Cold neutral, CO-dark
7.0 12CO Ca II, CH+, CH . . . Molecular cloud edge
10 H I Ca II Ca II Warm neutral
25 C+, H I, 12CO Ca II . . . Molecular cloud edge
35 H I, 12CO Ca II . . . Molecular cloud edge
45 C+, H I Ca II . . . Cold neutral
Table 7. Comparison of Component Structure: G014.8-1.0
G014.8-1.0 HD 168607
Vlsr GOT C+ McDonald Comments
(km s−1) Components Components
-24 H I, 12CO Ca II Molecular cloud edge
-9.0 H I Ca II Warm neutral
6.0 H I Ca II, CH+, CH Cold neutral, CO-dark
15 H I Ca II, CH+, CH Cold neutral, CO-dark
19 C+, 12CO, 13CO, C18O Ca II, CH, CN Molecular cloud
23 H I Ca II, CH+, CH Cold neutral, CO-dark
30 12CO, 13CO, C18O Ca II Molecular cloud
37 H I Ca II Warm neutral
46 12CO Ca II Molecular cloud edge
53 H I, 12CO Ca II Molecular cloud edge
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Table 8. Summarya
Type of Gas Diffuse Atomic Diffuse Molecular
n∼100 cm−3 n∼300 cm−3 Total Additional
Species Ca II K I or CH or CH+ CN and Associated Unassociated
Detected only and Ca II Ca II or K I or CH or CH+ Components Emission Components
Diffuse Atomic (WNM) H I only 7 12(5b) 1 20 31 (12b)
Diffuse Atomic (CNM) C+ only 1 1 0 2 5 (1c)
C+ +H I 1 1 0 2 6 (1b)
Molecular gas 12CO only 1 0 1 2 3
C+ + 12CO 0 1(1c) 0 1 0
H I + 12CO 3 1 0 4 3
C+ + H I + 12CO 0 0 0 0 3
Molecular Cloud edge 12CO/13CO only 0 1 3 4 1
C+ + 12CO/13CO 2 0 1 3 0
H I + 12CO/13CO 2 1 0 3 3
C+ + H I + 12CO + 13CO 1 0 0 1 1
18CO + C+ or H I 2 0 0 2 3
or 12CO or 13CO
Total Associated 20 18 6 44 59
Components
% of Associated 45 % 41 % 14 % . . . . . .
Components
Additional Unassociated 37(8d) 9(3d) 0 46 . . .
Absorption Components
a This table specifies the number of emission components that have been associated with at least one absorption component near the same V
lsr
.
b Number of included components without CO data.
c Number of included components without H I data.
d Number of included components that are also seen in a second nearby sight line.
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Figure 1. (Top) Absorption spectra in Vlsr toward HD 165783. (Bottom) Emission spectra in Vlsr from the closest pointing,
G010.4+0.0. The individual components are shown as dotted lines in each species and indicated by red ticks above the fit.
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Figure 2. (Top) Absorption spectra in Vlsr toward HD 165918. (Bottom) Emission spectra in Vlsr from the closest pointing,
G010.4+0.0. The red ticks indicate the locations of fit components.
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Figure 3. (Top) Absorption spectra in Vlsr toward HD 168607. (Bottom) Emission spectra in Vlsr from the closest pointing,
G014.8-1.0. The red ticks indicate the locations of fit components.
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Figure 4. (Top) Absorption spectra in Vlsr toward HD 167498. (Bottom) Emission spectra in Vlsr from the closest pointing,
G015.7+1.0. The red ticks indicate the locations of fit components.
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Figure 5. (Top) Absorption spectra in Vlsr toward HD 167812. (Bottom) Emission spectra in Vlsr from the closest pointing,
G015.7+1.0. The red ticks indicate the locations of fit components.
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Figure 6. (Top) Absorption spectra in Vlsr toward HD 169754. (Bottom) Emission spectra in Vlsr from the closest pointing,
G020.0+0.0.The red ticks indicate the locations of fit components.
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Figure 7. (Top) Absorption spectra in Vlsr toward HD 174509. (Bottom) Emission spectra in Vlsr from the closest pointing,
G032.6+0.0. The red ticks indicate the locations of fit components.
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Figure 8. (Top) Absorption spectra in Vlsr toward BD+49 3482. (Bottom) Emission spectra in Vlsr from the closest pointing,
G091.7+1.0. The red ticks indicate the locations of fit components.
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Figure 9. (Top) Absorption spectra in Vlsr toward BD+49 3484. (Bottom) Emission spectra in Vlsr from the closest pointing,
G091.7+1.0. The red ticks indicate the locations of fit components.
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Figure 10. (Top) Absorption spectra in Vlsr toward HD 240179. (Bottom) Emission spectra in Vlsr from the closest pointing,
G109.8+0.0. The red ticks indicate the locations of fit components.
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Figure 11. (Top) Absorption spectra in Vlsr toward HD 240183. (Bottom) Emission spectra in Vlsr from the closest pointing,
G109.8+0.0. The red ticks indicate the locations of fit components.
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Figure 12. (Top) Absorption spectra in Vlsr toward HD 47073. (Bottom) Emission spectra in Vlsr from the closest pointing,
G207.2-1.0. The red ticks indicate the locations of fit components.
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Figure 13. (Top) Absorption spectra in Vlsr toward HD 260737. (Bottom) Emission spectra in Vlsr from the closest pointing,
G207.2-1.0. The red ticks indicate the locations of fit components.
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Figure 14. (Top) Absorption spectra in Vlsr toward HD 55469. (Bottom) Emission spectra in Vlsr from the closest pointing,
G225.3+0.0. The red ticks indicate the locations of fit components.
38
Figure 15. (Top) Absorption spectra in Vlsr toward HD 55981. (Bottom) Emission spectra in Vlsr from the closest pointing,
G225.3+0.0. The red ticks indicate the locations of fit components.
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